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abstract 


A  method  of  increasing  the  upper  limit  of  the  velocity  range  of  the 
laser  velocimeter  is  discussed.  The  velocity  increase  is  accompUshe 
by  arranging  the  optics  so  that  the  angle  between  the  scattered  and 
tocident  beam  is  minimised.  For  flow  fields  with  two  or  three  nonsero 
components,  an  expression  is  derived  relating  the  magnitudes 
component  to  the  measured  frequency. 
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A  Cosine  difference  ratio 

fD  Doppler  frequency,  Hz 

i  Unit  vector  in  the  x- direction 
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SECTION  I  :  1  ;  V  •  v ■ 

INTRODUCTION  -  ‘ 


The  first  laser  velocimeter  (LV)  developed  at  the  Arnold  Engineering 
Development  Center  {AEDC)  was  used  to  measure  point  velocities  of 
water  and  gas  flows  in  a  cylindrical  tube.  1  A  schematic  diagram  of  this 
system  is  shown  in  Fig.  1.  With  this  arrangement  the  velocity,  V,  of  a 
fluid  with  an  index  of  refraction,  n,  is  related  to  the  doppler  frequency, 
fj),  and  the  geometry  of  the  system  by:  - 

v  -  -^r  [sin  (t)  8in  if  +  ?)]  (1) 


where  Ao  is  the  wavelength  of  the  emitted  radiation.  From  Eq.  (1)  it 
can  be  seen  that  for  an  electronic  readout  system  with  a  limited  frequency 
response  the  upper  limit  of  the  velocity  is  determined  by  the  system 
geometry  {the  smaller  the  geometrical  term  in  the  brackets,  the  higher  ; 
the  velocity  for  a  given  fj}).  With  the  optical  arrangement  as  shown  in 
Fig.  1,  it  was  found  that  8,  the  angle  between  the  incident  and  scattered 
light,  could  be  reduced  to  approximately  8  deg.  The  limitation  of  the 
angle  was  dictated  by  the  physical  dimensions  of  the  optical  equipment. 
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Fig.  I  Schematic  Diagram  of  -a  Typical  Laser  Velocimeter  System 
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In  this  report,  a  system  is  described  in  which  the  angularly  depend¬ 
ent  terms  can  be  substantially  reduced.  It  is  shown  theoretically  that  at 
least  two  orders  of  magnitude  increase  in  velocity  may  be  measured 
without  altering  the  frequency  response  of  the  electronics.  Data  are 
presented  for  an  order  of  magnitude  increase  in  velocity  measuring 
capability  over  the  original  system.  In  addition,  an  optical  system 
for  obtaining  velocity  profiles  about  an  irregular  model  is  described. 

For  this  application  there  may  be  two  or  three  nonzero  velocity  com¬ 
ponents.  The  measured  doppler  frequency  is  shown  to  be  proportional 
to  an  expression  which  is  a  function  of  all  the  velocity  components. 
Equations  are  derived  which  yield  the  relative  magnitudes  of  the  velocity 
components. 


SECTION  il 
THEORY 


2.1  MULTICOMPONENT  VELOCITY  ANALYSIS 


In  this  section  an  expression  is  derived  relating  the  doppler  fre¬ 
quency  to  the  components  of  velocity  in  a  flow  field.  From  the  results 
it  is  seen  that  it  is  feasible  to  obtain  the  three  components  of  velocity 
using  the_LV  technique.  In  Fig.  2  the  case  is  depicte_d  where  the 
velocity  V  does  not  lie  in  the  optics  plane  defined  by  K0  and  Ks.  Thus; 


where 


V 

Ks 


K 


sy 


i  vx  +  j  Vy  -  k  vz 

X 

AAA 

iKsx  +  jKsy  +  k  Ksz 

Ks  sin  0  sin  y 
Kg  cos  9 
K6  sin  0  cos  y 


(2) 


_  The  doppler  frequency  uq  is  related  to  the  scattered  wave  vector, 
Ks,  the  primary  wave  vector,  K0,  and  the  velocity,  V,  of  the  moving 
source  by: 


<UD 


(3) 
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Fig.  2  Off-Axi*  Optical  Geometry 


Therefore 


“D  =  Kax  Vx  +  Ksy  Vy  +  Ksz  Vz  -  K0Vy 


(4) 


where 


Combining  Eqs.  (2)  and  (4)  yields: 

<Uq  =  K  £vx  sin  9  sin  y  +  z  sin  6  cos  y  +  Vy  (cos  6  -  1)J 

For  the  case  of  small  Q,  Eq.  (5)  reduces  to: 

wD  =  K0  (vx  sin  y  +  \rx  cos  y  -  Vy  ^ 

The  angles  9  and  y  are  set,  K  is  known,  and  is  measured.  Equation 
(6)  contains  three  unknowns,  Vx*  Vy,  and  Vz.  By  introducing  two  more 
K  measuring  systems  from  the  same  point  in  the  flow,  three  equations 
having  three  unknowns  will  be  obtained  which  may  readily  be  solved. 
Thus  Vx,  Vy,  and  Vz  can  be  uniquely  determined. 
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For  the  case  where  one  velocity  component  is  small  compared  to 
the  other  two,  Eq.  (6)  can  be  simplified  even  further.  As  an  example 
consider  the  flow  about  the  model  shown  in  Fig.  3.  For  this  model  it 
may  be  assumed  that  Vx  and  Vz  >>  Vy. 


z 


Fig.  3  Two-Dimensional  Flow  about  a  Model 

Since  9  is  small  and  y  is  unrestricted,  the  last  term  in  the  bracket 
(Eq.  (6))  may  be  neglected.  With  additional  algebraic  manipulation  the 
following  expression  results: 

WD  =  K0VX  ^sin  y  +-  —2.  cos  (7) 

Therefore,  to  calculate  Vx  and  Vz,  only  two  systems  would  be  required. 


2.2  HIGH  VELOCITY  GEOMETRICAL  ANALYSIS 

Since  the  geometrical  conditions  define  the  upper  limit  of  the  LV  for 
a  given  readout  frequency  response,  optimization  of  the  geometrical 
arrangement  is  desirable.  In  this  section  an  optimization  technique 
called  the  Minimum  Angle  Difference  (MAD)  system  is  theoretically 
evaluated. 
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If  Eq.  (3)  is  written  in  a  form  where  the  incident  wavelength  XQ  . 
of  the  laser  beam  is  considered,  it  is  found  that  the  velocity  may  be. 
described  as  follows: 

y  =  ft0  (co3  j8  —  cos  a) 
n 


where 


=  2  fD 


n  is  the  index  of  refraction,  and  0  and  a  are  defined  in  Figs.  4  and  5 
for  two  different  geometries.  Jn  Fig.  4  it  is  seen  that  the  vector 
Ks  -  K0  is  almost  parallel  to  V.  Consequently,  the  cosine  of  the  angle 
between  Ks  -  K0  and  V  is  approximately  unity.  For  practical  applica¬ 
tions,  the  frequency  response  of  the  electronic  system  is  limited  to 
some  frequency  thereby  setting  the  upper  limit  on  the  maximum 

measurable  velocity.  On  the  other  hand,  in  the  geometry  shown  in 
Fig.  5,  where  the  difference  between  a  and  0  is  minimized,  Ks  -  K0 
is  almost  perpendicular  to  V.  Thus,  for  the  same  limited  frequency  _ 
response,  fp^  the  reduction  in  the  cosine  of  the  angle  between  Ks  -  Ko 
and  V  allows  measurements  of  a  higher  velocity  to  be  made.  If  we  allow 
a\  and  0i  to  represent  the  angles  shown  in  Fig.  4  and  ct2  and  02  to  repre¬ 
sent  the  angles  shown  in  Fig.  5,  the  possible  velocity  increase  is  deter¬ 
mined  by  the  ratio  of  the  differences  of  the  cosines  of  the  angle.  A,  i.  e. , 

cos  0t  —  COS  (9) 

A  —  — 

cos  p,  —  cos 

For  a  practical  example,  consider  the  geometry  shown  in  Fig.  4,  where 
=  90  deg  and  0|  =  98  deg;  thus  cos  01  -  cos  ori  -  0.  174.  For  the  geom¬ 
etry  shown  in  Fig.  5,  practical  values  for  the  angles  could  be  a 2  -  .15  deg 
and  02  =  14  deg;  thus  cos  02  -  cos  a2  ~  9-  004.  The  ratio  A  is  found  to  be: 


Therefore,  for  a  given  frequency  response,  use  of  the  MAD  geometry 
shown  in  Fig.  5  permits  velocity  measurements  more  than  40  times 
greater  than  those  capable  of  being  measured  using  the  geometry  shown 
in  Fig.  4.  For  systems  in  which  a2  and  02  differ  by  only  a  fraction  of 
a  degree,  values  of  A  on  the  order  of  100' could  be  obtained. 
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SECTION  III 
EXPERIMENTATION 


A  schematic  diagram  of  the  minimum  angle  difference  laser  velo- 
cimeter  (MAD-LV)  is  shown  in  Fig.  6.  Light  emitted  from  the  laser 
is  split  by  beam  splitter  BSi.  The  upper  branch  is  focused  to  a  point 
on  the  moving  target  by  lens  Li.  From  this  point  a  small  portion  of 
the  doppler  shifted  beam  is  scattered  through- an  angle  3-  This  scat¬ 
tered  light  is  focused  through  the  beam  splitter  BS2  onto  the  photocathode 
surface  by  lens  L2.  The  unscattered  portion  of  the  laser  beam  is 
focused  by  lens  L3,  is  reflected  at  the  front  surface  mirror.  Mi,  and 
is  rotated  by  beam  splitter  BS2  so  that  it  becomes  incident  on  the  $ioto- 
cathode  surface.  The  two  beams  are  optically  homodyned  at  the  photo¬ 
cathode  surface  to  obtain  the  doppler  frequency  that  is  proportional  to 
the  velocity  at  the  scattering  point. 


Fig.  6  Schematic  Diagram  of  the  Minimum  Angle  Difference  (MAD)  Laser  Yelocimeter 

The  moving  medium  in  Fig.  6  consisted  of  a  solid  aluminum  disk 
mounted  on  the  shaft  of  a  variable-speed  electric  motor.  The  linear 
velocity  to  be  measured  could  be  changed  by  either  varying  the  motor 
speed  or  by  varying  the  point  along  the  disk  radius  at  which  the  meas¬ 
urements  were  made.  A  stroboscope  accurate  to  1  percent  was  used 
to  measure  the  rotation  rate  of  the  disk  to  provide  a  check  for  the 
velocities  obtained  with  the  MAD-LV. 
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The  linear  velocity  at  the  measured  radius  of  the  disk,  V,  was  held 
at  240  cm/sec  by  monitoring  its  rotation  rate  with  the  stroboscope  and 
adjusting  the  power  to  the  motor.  The  angle  a  was  set  at  32.  2  deg,  and 
the  angle  3  was  varied  from  47.  6  to  34  deg.  In  Fig.  7  the  solid  line 
0  represents  a  plot  of  the  frequency  versus  the  difference  of  the  cosines 
of  the  angles  for  a  velocity  of  240  cm/ sec.  The  data  points  obtained  by 
varying  /3  and  measuring  fD  are  seen  to  fall  along  the  calculated  line  to 
within  the  accuracy  involved  in  measuring  the  angles.  At  the  maximum 
angular  spread  of  15.  4  deg,  fD  was  found  to  be  635  kHz,  whereas  at  the 
minimum  angular  spread  of  1.  8  deg,  fo  was  found  to  be  65  kHz. 


Fig.  7  Frequency  versus  Angular  Dependence 
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As  3  approached  the  spectral  angle  of  reflection,  the  intensity  of 
the  scattered  light  increased,  thereby  causing  an  increase  in  the 
noise-to- signal  ratio.  For  angular  differences  below  1.  8  deg,  the 
noise  increased  to  a  level  sufficient  to  mask  out  the  signal.  However, 
the  decrease  of  the  frequency  by  an  order  of  magnitude  for  constant 
velocity  verifies  the  theoretically  predicted  results  using  the  MAD 
geometry. 

For  fluid  flow  measurements  the  noise-to-signal  ratio  should  not 
increase  as  (3  -  a)  approaches  zero.  Therefore,  the  accurate  upper 
measurable  velocity  is  limited  only  by  the  minimum  value  of  (3  -  or) 
which  can  be  experimentally  determined. 

To  compare  the  standard  LV  system  and  the  MAD-LV  system, 
assume  that  the  frequency  response  is  3  MHz,  the  limiting  value  of 
the  original  experiment.  The  minimum  value  for  the  angle  6  of  Fig.  1 
was  8  deg  because  of  the  physical  size  of  the  optical  equipment.  Thus 
the  upper  velocity  limit,  obtained  from  Eq.  (1),  was  found  to  be 
1350  cm/sec.  With  the  use  of  the  MAD-LV  system  shown  in  Fig.  2, 
angle  differences  of  0.  5  deg  may  be  readily  obtained.  Thus  for  a  set  of 
values  of  3  =  14.  0  deg  and  a  =  14.  5  deg,  a  3-MHz  signal  would  corre¬ 
spond  to  a  velocity  of  88,  600  cm/sec  -  an  increase  of  over  a  factor  of 
60.  A  nomogram  relating  the  angles  a  and  3>  the  velocity  V,  and  the 
frequency  fg)  was  constructed  and  is  shown  in  Fig.  8.  From  Fig.  8,  it 
can  be  seen  that  velocities  in  the  10^  cm/sec  range  should  be  measur¬ 
able  with  a  system  having  a  frequency  response  of  3  MHz. 


SECTION  IV 
CONCLUSIONS 


The  linear  velocity  at  a  fixed  radius  on  a  rotating  disk  was  measured 
using  the  Minimum  Angle  Difference  (MAD)  Laser  Velocimeter.  The  data 
obtained  for  the  velocity  measurements  were  experimentally  verified  by 
independent  means.  For  a  given  velocity,  the  doppler  frequency  was 
lowered  by  one  order  of  magnitude,  and  it  was  shown,  theoretically,  that 
at  least  two  orders  of  magnitude  increase  in  fluid  flow  velocity  can  be 
measured. 

Expressions  were  derived  relating  the  doppler  frequency  to  the  veloc¬ 
ity  components  for  the  case  where  the  vector  velocity  in  unknown.  To 
obtain  three  velocity  components  in  a  given  coordinate  system,  three  LV 
systems  must  be  used  to  define  the  three  components  of  velocity  uniquely. 
The  expressions  that  were  derived  may  also  be  used  to  obtain  the  flow 
velocity  about  an  irregular  surface  such  as  an  aerodyne  mic  model  in  a 
wind  tunnel. 
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Fig.  B  Nomogram-Relating  Velocity  to  the  Laser  Veloeimeter  Parameters 
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13.  ABSTRACT 

A  method  of  increasing  the  upper  limit  of  the  velocity  range  of 
the  laser  velocimeter  is  discussed.  The  velocity  increase  is 
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